[1] We investigate the effects of the porosity (and thus permeability) of porous matrix and the fracture aperture on transport in fractured porous media. We do so with detailed lattice Boltzmann simulations on constructed porous media with a single fracture. Both plume spatial moments (the average plume velocity and the dispersion coefficients) and mass transfer coefficients between the facture and the porous matrix are analyzed. It is found that unlike transport in channels or in pure porous media, solute transport in fractured porous media is non-Gaussian with long tails and with time-dependent mean plume velocities and nonFickian dispersion coefficients. Higher spatial moments may be needed to fully characterize such plumes and the conventional advection-dispersion equation with upscaled coefficients may be inadequate for describing this anomalous dispersive behavior. The long tailing stems from mass transfer between the fracture and the porous matrix and from the contrast in flow velocities of the two media. It is shown that the mass transfer coefficient is proportional to the matrix diffusivity and inversely proportional to the square of the grain size of the porous matrix. Even for low porosity and low permeability porous matrix whose contribution to flow in the fractured porous media can be neglected, mass transfer between the fractures and the matrix is usually non-negligible.
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Introduction
[2] Flow and solute transport in naturally fractured porous media have been studied extensively due to their importance in water resources management, contaminant migration in aquifers, and radioactive waste repositories [e.g., Bear et al., 1993] . Owing to statistically complex distribution of geological heterogeneity and the multiple length and time scales involved, three approaches are commonly used in describing fluid flow and solute transport in natural fractured porous formations: (1) discrete fracture models, (2) continuum models, including double porosity models, using effective properties to represent the effects of fractures, and (3) hybrid models that combine the above two. In the discrete fracture approach, the effect of porous matrix on flow and transport is usually neglected [e.g., Smith and Schwartz, 1993; Berkowitz and Scher, 1997] . A recent work of Kang et al. [2002a] on flow in a fractured porous system reveals that this may not be a good assumption when the matrix permeability is finite. In this case, the matrix flow has significant effects on the fractured system and the assumption that the matrix is impermeable does not hold, and hence the use of the cubic law to calculate the fracture permeability may cause a significant error. When solute transport is considered in such a fractured porous system, it is more important to take into account the contribution of the porous matrix, and it is essential to represent the interactions between the factures and the matrix blocks in the continuum and hybrid approaches [e.g., Warren and Root, 1963; Tsang et al., 1996; Lee et al., 2001] .
[3] In this study we quantify such interactions with detailed, pore scale simulations of solute transport in porous media with a single fracture of varying apertures. The simulations are done with the lattice Boltzmann (LB) method, a powerful tool for numerical modeling. Unlike conventional numerical schemes based on discretizations of macroscopic continuum equations, the LB method is based on microscopic models and mesoscopic kinetic equations. This feature gives the LB method the advantage of studying non-equilibrium dynamics, especially in fluid flow applications involving interfacial dynamics and complex boundaries (geometries) [e.g., Chen and Doolen, 1998 ]. Since its appearance, the LB method has proved to be competitive in studying a variety of flow and transport phenomena. The LB simulation can provide us with detailed flow and solute transport quantities at the pore scale and allow us to examine the continuous or double-porosity representation of flow and transport in fractured porous media.
Simulated Concentration Fields
[4] Figure 1 shows a simple fractured system where a fracture is embedded in a porous medium of porosity e. In this particular case, the fracture is of width h = 32 (in lattice unit, lu) compared to the total width of 600 lu for the whole system, and the matrix porosity is e = 0.601. To explore the effects of the matrix porosity e (and thus the pore diameter and matrix permeability) as well as the fracture width on solute transport, these parameters and the size of the fractured porous system are varied. Table 1 lists these parameters in linear dimensions for the cases considered in this study. In the first group of simulations, the fracture aperture is h = 32 lu, corresponding to 1 mm in linear dimension; in the second group, the aperture is h = 52 lu or 1.625 mm. The porosity of the porous matrix varies from 0.04 to 0.601, the pore width ranges from 0.0625 to 0.5625 mm, and the matrix permeability is one to four orders of magnitude less than the corresponding fracture permeabilities.
[5] In the LB method, the primitive variable is the particle distribution function. In our study, two distribution functions are introduced, one to simulate the fluid flow whose evolution equation can be shown to recover the correct continuity and Navior-Stokes equations, another to simulate solute transport whose evolution equation recovers the convection-diffusion equation [Zhang et al., 2000; Kang et al., 2002b] . For fluid flow, we use periodic condition on all four boundaries, no-slip boundary condition at solids, and a body force to drive the fluid B to flow from the left to right. For solute transport, we enforce periodic conditions at top and bottom boundaries, @C/@x = 0 at left and right boundaries, and zero flux condition at solids. When flow reaches steady state, an instantaneous slug of solvent A (entirely miscible with B) is injected at time zero into the fracture. The simulations are terminated when plume reaches the boundaries and the total solute mass begins to drop. When the matrix porosity is zero this is simply a dispersion problem in a two-dimensional channel that has an analytical solution [Aris, 1956] . We have compared the LB simulation results of velocity and solute concentration in the channel (fracture) with analytical results and found perfect agreements.
[6] Figure 2 shows snapshots of the concentration field at two dimensionless times for three scenarios (with matrix porosity e = 0, 0.308, and 0.601 and facture aperture of 1 mm). Time is made dimensionless with characteristic time t c , defined as t c = h 2 /D m , where h is the channel (fracture) width and D m is the molecular diffusivity. The Peclet number (defined as Pe = Uh/D m ) is 51.35. When the pore matrix becomes permeable, the plume transfers some of its mass into the matrix as it migrates along the facture and some of the mass in the matrix transfers back into the fracture after the main plume passes, creating a long tail. It is seen that both the mass transfer and plume tailing in the facture are enhanced as e increases. As such, the overall dispersion of a plume increases as the matrix becomes more permeable.
Plume Spatial Moments
[7] The mean plume velocity and the dispersion tensor of the solute plume are calculated by the method of Brenner [1980] . Figures 3 -4 show the time evolution of the mean plume velocity (U) and longitudinal (D xx ) and transverse (D yy ) dispersion coefficients at different matrix porosity values, with two fracture apertures, under two body force strengths, and at Peclet number 51.35. For the channel, both U and D xx reach their asymptotic constants when time is long enough. Hence, dispersion in the channel is Fickian asymptotically. For the fractured porous medium, however, as time goes on the solute samples more interstitial space where the mean plume velocity is smaller than that in the fracture, therefore, the averaged velocity over all the interstitial space decreases with time while D xx increases with time. Hence, owing to the impact of the porous matrix dispersion in the fractured porous medium is non-Fickian, at least within the scale considered here. At a fixed time instance and for a given fracture aperture, both dispersion coefficients increase with the increase of the matrix porosity. However, the mean plume velocity decreases as the porosity of the porous matrix increases when the plume residence time is long enough. This is so because as the porosity increases, more interstitial space where the velocity is smaller than that in the channel is taken into account in calculating the mean velocity.
[8] Figure 5 shows the dependency of longitudinal and transverse dispersion coefficients at a late time on the Peclet number, respectively. The porosity of the porous matrix is 0.601 and the facture aperture is 1 mm (or, 32 lu). For the case of a single fracture, the numerical result is in prefect agreement with the analytical solution, D xx /D m = 1 + Pe 2 / 210. At a given Peclet number, the fractured porous medium has a larger D xx than the pure matrix (without a fracture, where we use the same boundary conditions as in the fractured porous media) because the longitudinal velocity contrast is larger in the fractured porous media. The channel alone has the smallest D xx . For D yy , however, the porous medium without a fracture has the largest value. D yy for the channel is zero in the numerical simulation due to the way by which the solute is introduced.
[9] For the fractured porous medium, D xx is a general second-order polynomial function of Pe. Therefore, the socalled dispersivity, defined as D xx /U, is not just a property of the medium but also a function of the flow characteristics. At large Peclet numbers, for the case of pure porous medium the late time longitudinal dispersion coefficient D xx /D m becomes approximately a linear function of Pe. Thus, for the porous medium considered in this case an asymptotic dispersivity is well defined and is a property of the medium.
[10] While the plume is Gaussian with constant mean velocity and constant asymptotic dispersion coefficients in channels or in the pure porous medium considered in this study, the plumes are generally asymmetric with long tails and time-dependent mean velocities and dispersion coefficients in fractured porous media. Such non-Gaussian plumes may not be adequately characterized with only the first two spatial moments. Nor could this ''anomalous'' dispersive behavior be accurately described by the conventional advection-dispersion equation with upscaled coefficients [Berkowitz and Scher, 1995] .
Mass Transfer Coefficients
[11] Alternatively, the fractured porous media may be conceptualized with dual-porosity and/or double-permeability models [e.g., Warren and Root, 1963; Gerke and van Genuchten, 1993] . In such models, the mass transfer between the facture and matrix systems is commonly described by the following first-order model:
where c f and c m are the solute concentration in the facture and the matrix, respectively, and w is the mass transfer coefficient. In the double-permeability model, an advectioninduced component may be included in the mass transfer expression. However, in our simulations there is no lateral flow component owing to the specific boundary conditions. Assuming w to be uniform spatially and integrating the relationship over space leads to
where M f and M m are the respective total solute mass in the facture and the matrix systems and M 0 f = dM f /dt is the rate of change of mass in the facture.
[12] Figure 6 shows the time evolution of the dimensionless mass transfer coefficient w* = wt c (where t c = h 2 /D m ) for different matrix porosity values and facture apertures. It is seen that with time the coefficient goes to a constant for all matrix porosity values under consideration. The asymptotic mass transfer coefficient increases as the matrix porosity. The time taken for the coefficient to reach a constant also increases with the porosity. The mass transfer between the fracture and the matrix is usually non-negligible even with porous matrix of low porosity (e.g., 4% and 6.9%) and thus low permeability (see Table 1 ), in which the contribution of the matrix flow to the fractured system may be safely neglected [Kang et al., 2002a] .
[13] Figure 7a shows the dependency of this coefficient on the Peclet number Pe for various matrix porosity values and two facture apertures. It is seen that the dimensionless mass transfer coefficient is more or less constant for small to moderate porosity values and increases slowly as Pe for a high porosity value. This indicates that mass transfer between the fracture and the matrix is mainly diffusion driven. Figure 7b plots the asymptotic mass transfer coefficients w* as a function of (h/d g ) 2 for two fracture apertures h, where d g is the average grain diameter (the width of the grain, in our case). It is seen that for h/d g > 1, the mass transfer coefficient w* is more or less a linear function of (h/ d g ) 2 . Our simulations do not cover the region of h/d g < 1, which is not necessarily linear. When the fracture is wide compared to the average grain size, one has approximately w* = c (h/d g ) 2 where c is a dimensionless constant, similar to the formation factor, which depends on porosity, tortuosity, and other factors. It is seen from Figure 7b that the slope c is more or less independent of the fracture aperture h. In dimensional terms, one has
where cD m may be regarded as the matrix diffusivity, defined as the molecular diffusivity D m in free water corrected by the formation factor c. It is thus seen that when the fracture aperture is sufficiently large, the mass transfer coefficient is proportional to the matrix diffusivity and inversely proportional to the square of the average grain size of the porous matrix but is independent of the fracture aperture. Equation (3) is consistent with the finding of Haggerty and Gorelick [1995] for diffusion into layers.
Conclusions
[14] Detailed lattice Boltzmann simulations of flow and solute transport were performed on simply constructed porous media embedded with a fracture. The effects of the porosity (and thus permeability) of the porous matrix and the fracture aperture on transport were investigated on the basis of these simulations. Both plume spatial moments (the average plume velocity and the dispersion coefficients) and mass transfer coefficients between the facture and the porous matrix were analyzed. It has been found that unlike transport in channels or in pure porous media, solute transport in fractured porous media is non-Gaussian with long tails and with time-dependent mean plume velocities and non-Fickian dispersion coefficients. Higher spatial moments may be needed to fully characterize such plumes and the conventional advection-dispersion equation with upscaled coefficients may be inadequate for describing the ''anomalous'' concentration fields. The long tailing stems from mass transfer between the fracture and the porous matrix and from the contrast in flow velocities in the two media. It was shown that when the fracture aperture is sufficiently large, the mass transfer coefficient is proportional to the matrix diffusivity and inversely proportional to the square of the grain size of the porous matrix. For such cases, the mass transfer coefficient is independent of the fracture aperture. Even for low porosity and low permeability matrix whose contribution to flow in the fractured porous media can be neglected, mass transfer between the fractures and the matrix is usually non-negligible. . In (a), the open symbols indicate results for h = 32 and solid symbols for h = 52; from top to bottom, the porosity e = 0.601; e = 0.565; e = 0.328; e = 0.308; e = 0.069; and e = 0.04.
